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Summary
Background: Consistent left-right (LR) asymmetry is a
fascinating problem in developmental and evolutionary
biology. Conservation of early LR patterning steps
among vertebrates as well as involvement of nonpro-
tein small-molecule messengers are very poorly under-
stood. Serotonin (5-HT) is a key neurotransmitter with
crucial roles in physiology and cognition. We tested the
hypothesis that LR patterning required prenervous se-
rotonin signaling and characterized the 5-HT pathway
in chick and frog embryos.
Results: A pharmacological screen implicated endoge-
nous signaling through receptors R3 and R4 and the
activity of monoamine oxidase (MAO) in the establish-
ment of correct sidedness of asymmetric gene expres-
sion and of the viscera in Xenopus embryos. HPLC and
immunohistochemistry analysis indicates that Xenopus
eggs contain a maternal supply of serotonin that is pro-
gressively degraded during cleavage stages. Seroto-
nin’s dynamic localization in frog embryos requires gap
junctional communication and H,K-ATPase function.
Microinjection of loss- and gain-of-function constructs
into the right ventral blastomere randomizes asymme-
try. In chick embryos, R3 and R4 activity is upstream of
the asymmetry of Sonic hedgehog expression. MAO is
asymmetrically expressed in the node.
Conclusions: Serotonin is present in very early chick
and frog embryos. 5-HT pathway function is required
for normal asymmetry and is upstream of asymmetric
gene expression. The microinjection data reveal asym-
metry existing in frog embryos by the 4-cell stage and
suggest novel intracellular 5-HT mechanisms. These
functional and localization data identify a novel role for
the neurotransmitter serotonin and implicate prener-
vous serotonergic signaling as an obligate aspect of
very early left-right patterning conserved to two verte-
brate species.
Introduction
Invariant left-right (LR) asymmetry raises key questions
in cell, evolutionary, and developmental biology as well*Correspondence: mlevin@forsyth.orgas in the biomedicine of laterality-based birth defects.
Although the asymmetric gene cascade is now fairly
well understood, upstream events and their conserva-
tion among species present many open questions [1,
2]. Motivated by recent findings implicating flows of
small molecules and ions at very early stages [3–6], we
examined the involvement of the evolutionarily ancient
neurotransmitter serotonin.
Serotonin regulates psychodynamic function and is
linked to tumor growth, circadian rhythm disorders, and
cardiac disease. Because cells contain machinery for
manufacturing serotonin (source), 5-HT degradation
(sink), and sensing of 5-HT levels (via receptors), this
system is an ideal candidate for a morphogen-like sig-
nal [7, 8]. Indeed, it has been suggested that serotonin,
functioning in craniofacial and cardiac patterning, may
control morphogenesis prior to the appearance of neu-
rons [9–14].
We tested the possible involvement of serotonin in
asymmetry in chick and frog embryos, two species with
radically different gastrulation architectures in which
the earliest LR asymmetry mechanisms have been de-
scribed [15–18]. By analyzing endogenous localization
of 5-HT and related proteins as well as performing gain-
and loss-of-function experiments designed to probe
5-HT function, we show that serotonin signaling is a
mechanism upstream of early asymmetric gene expres-
sion in both chick and frog and reveal novel develop-
mental aspects of this versatile signaling molecule.
Results
Pharmacological Screen Implicates 5-HT-R3,
5-HT-R4, and MAO in LR Asymmetry in Xenopus
To determine whether serotonin signaling is involved in
LR asymmetry and to implicate specific gene products
for further molecular analysis, we capitalized on the
highly specific and well-characterized pharmacological
reagents developed in neuroscience [19, 20]. Following
the strategy recently used to identify electrogenic
genes involved in asymmetry [5], we performed a drug
screen examining known elements of the serotonin
pathway in Xenopus. Batches of over 100 Xenopus em-
bryos were exposed to various drug inhibitors (at low
micromolar concentrations; see Table S1 available with
this article online) between fertilization and stage 12;
they were then washed and allowed to develop to stage
45, and reversals of the situs of the heart, gut, or gall
bladder (Figure 1A) were scored. The detailed data and
statistical analyses are presented in the Tables S2–S6
and summarized in Figure 1. The only observed effect
was randomization of the visceral organs. Strictly, the
phenotype was heterotaxia because single-organ re-
versals were noted (Figure 1C) as well as complete in-
versions (Figure 1B). However, a number of reagents,
notably the R3 blockers, most often (average 80%
among affected embryos exposed to R3 blockers) in-
duced complete situs inversus. No general toxicity was
observed in any of the experiments; analysis of DAI,
Figure 1. Pharmacological Screen Implicates
Serotonergic Signaling in LR Asymmetry
(A–C) Control embryos exposed to drug ve-
hicle alone exhibited the normal invariant
asymmetry of the heart, gut, and gall blad-
der. Heterotaxic embryos exhibited indepen-
dent randomization of laterality of the three
organs; the embryo in (B) exhibits reversal
of all three, whereas the embryo in (C) has
reversal of the heart alone. Red arrowheads
indicate apex of heart; yellow arrowheads in-
dicate apex of gut; green arrowheads indi-
cate gall bladder.
(D) Pharmacological blockers targeting 5-HT
receptor types R1–R7 were applied to
batches of embryos from fertilization to
stage 12. Only blockers of R3 and R4 in-
duced heterotaxia (statistical analysis is pre-
sented in Tables S2–S6).
(E) Exposure to several different blockers of
R3 and R4 also randomized laterality, con-
firming their role in LR asymmetry. Each error
bar is 50% of the standard deviation above
and below the datapoint.
(F) Monoamine oxidase inhibitors targeting
either the A and B isoform induced hetero-
taxia in embryos.
(G) Serotonin content was determined by
HPLC in samples of 90–150 embryos taken
from three pooled batches at a range of
stages.
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796including intraocular distance, head development at f
cstage 45, and notochord-/neural-tube markers (Figure
S1) revealed normal dorsoanterior and midline develop- a
Lment, ruling out nonspecific secondary effects on the
LR axis. n
pControls and embryos exposed to blockers of seroto-
nin receptors R1, R2, or R5–R7 exhibited the back- w
mground level of 1% heterotaxia. In contrast, embryos
treated with blockers of the R3 and R4 subfamily exhib- m
bited a highly significant level of laterality reversals
−23% (p < 3.6 , 10−12) and 44% (p < 6.5 , 10−33), p
(respectively (Figure 1D). Interestingly, R3 blockers in-
duced mostly complete reversals (e.g., situs inversus in (
s90% of the embryos affected by LY-278,58 treatment).
We next confirmed these findings with several other o
ncompounds that block R3 and R4 by different mecha-
nisms (Figure 1E). These loss-of-function data implicate o
userotonin receptors of the R3 and R4 subtype in the
establishment of LR asymmetry in Xenopus. We next i
assayed the importance of monoamine oxidase (MAO),
the enzyme that degrades serotonin. Specifically tar- T
geting either the A or B forms of MAO induced hetero- t
taxia at a frequency of 22%–32% (3.6 , 10−13 < p < P
2.9 , 10−8) (Figure 1F), implicating the function of both c
isoforms in the LR pathway. Taken together, these data q
indicate the existence of an endogenous serotonergic m
pathway in early embryos that is important for LR 2
patterning. p
i
TMaternal Serotonin Acts Upstream of XNR-1
in Xenopus Embryos a
tThe pharmacological-screen data predicted the pres-
ence of signaling via endogenous 5-HT in early em- l
dbryos. Blockade of serotonin synthesis by pCPA (an in-
hibitor of tryptophan hydroxylase) did not randomize (
ieffectively (5% heterotaxia, n = 84, p = 0.07), suggest-
ing that asymmetry may not require zygotic synthesis i
tof 5-HT. To characterize the dynamics of endogenous
5-HT, we determined the bulk content of serotonin in f
gXenopus embryos as a function of developmental time
(Figure 1G). About 100 embryos at each stage from six m
bfemales each were analyzed via HPLC with addition of
standards and LCMSMS mass spectrometric analysis 4
Tto verify peak identity (ensuring specificity for 5-HT).
Fertilized eggs contain approximately 3.11 pmol/embryo l
w5-HT, but the total level of serotonin rapidly decreased
to less than 0.16 pmol/embryo. By late tailbud stages, t
the concentration of 5-HT rises to 2.58 pmol/egg be-
cause of zygotic serotonin synthesized by the de- r
iveloping nervous system. These data confirm that en-
dogenous serotonin is indeed present in frog embryos i
(long prior to the appearance of neurons and that, con-
sistent with the lack of randomization by inhibition of t
d5-HT synthesis, the serotonin in the embryo is of mater-
nal origin. a
iWe next sought to determine the developmental
stage during which 5-HT signaling acts (see Table S7). p
iApplying blockers of R3 and R4 effectively induces het-
erotaxia when done between fertilization and stage 7 p
[(26% and 38% incidence of laterality reversals respec-
tively) but not when exposure begins after stage 7 (p < m
u6.9 , 10−7 and 9.6 , 10−9, for the respective early versus
late comparisons), suggesting that R3 and R4 normally hunction in the LR pathway during cleavage stages. To
onfirm that serotonin functions in early development
nd to determine the epistasis of this novel aspect of
R patterning relative to the known asymmetry mecha-
isms, we tested the sidedness of asymmetric gene ex-
ression in embryos in which serotonergic signaling
as perturbed. In Xenopus, the earliest known asym-
etrically transcribed gene is the left-sided signaling
olecule XNR-1 [21]. Block of 5-HT-R3, -R4, or MAO (Ta-
le S9) altered the normal left-sided pattern of XNR-1 ex-
ression (Figure 2A); in addition to left-sided XNR-1
Figure 2B) (57%–64% incidence), bilateral (Figure 2C)
15%–26%), right-sided (Figure 2D) (6%–10%), and ab-
ent (Figure 2E) (7%–15%) XNR-1 expression were
bserved. The downstream marker Xlefty [22] was sig-
ificantly affected as well (Table S9). These data dem-
nstrate that the serotonin signaling pathway functions
pstream of the asymmetric gene cascade as known
n Xenopus.
he Right-Ventral Blastomere Is Sensitive
o Modulation of 5-HT Signaling
revious work suggested that cooperation of a K+
hannel with the function of the H+/K+-ATPase was re-
uired to ensure that the right ventral cells remained
ore strongly polarized than the left ventral cells [5,
3]. Because 5-HT-R3 is a serotonin-gated ion channel
ermeable to K+ [24], one possibility is that it functions
n the regulation of ion flow during early LR asymmetry.
his model predicts that manipulating 5-HT signaling,
nd specifically the level of ion flux occurring via R3, in
he right ventral cells should have a stronger effect on
aterality than the left ventral cells. Moreover, a depen-
ence of 5-HT localization upon open gap junctions
see below) suggests that 5-HT may arrive into cells via
ntracellular paths [25], requiring cytoplasmically local-
zed transduction mechanisms for serotonin. To test
hese two predictions and to gain information on the
unctional roles of the spatial distribution of serotoner-
ic signaling in the LR pathway, we microinjected a
embrane-impermeable drug blocker and a serotonin
inding protein into one of four blastomeres at the
-cell stage and analyzed visceral situs at stage 45.
hese reagents were specifically chosen because, un-
ike mRNA, which needs time to be translated, they
ould act immediately in the cytoplasm of each blas-
omere.
Microinjection of LY-278,584 (R3 antagonist) into the
ight ventral blastomere induced an 18% (p = 5.7 , 10−9)
ncidence of heterotaxia (Figure S2), whereas injection
nto the other blastomeres had a much smaller effect
versus 4% for left dorsal, p = 0.087). Inhibition of R3 in
he right ventral blastomere and its descendants in-
uced complete situs inversus in the majority of the
ffected embryos (61%–69%). To test inhibition of the
ntracellular activity of 5-HT through a mechanism inde-
endent of R3 blockade, we made use of the high-avid-
ty Amine Binding Protein, which binds serotonin and
revents it from signaling to downstream components
26]. Microinjection of ABP into the right ventral blasto-
ere induced 20% (p = 1.5 , 10−6) heterotaxia (see Fig-
re S4), whereas injection into the other blastomeres
ad a much smaller effect (versus 7% for left dorsal,
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797Figure 2. Asymmetric Gene Expression Is Randomized in Xenopus by Inhibition of 5-HT Signaling through R3 or R4
Embryos were exposed to blockers of R3 or R4 during early stages and processed for in situ hybridization with the laterality markers XNR-1
and Xlefty. Embryos exposed to vehicle only (controls) exhibited the normal left-sided pattern of XNR-1 (A) expression. In contrast, embryos
in which the activity of MAO, R3, or R4 was inhibited exhibited bilateral (C), right-sided (D), or absent (E) expression of XNR-1 in addition to
the left-sided expression (B). This effect was statistically significant (see numerical data and analysis in Table S9). Red arrows indicate regions
of expression; white arrows indicate lack of expression.p = 0.045). These results indicate that the right ventral
blastomere, or its descendants, is most sensitive to
downregulation of serotonergic signaling and that
5-HT-mediated events in the right ventral cells are a re-
quired component of normal LR patterning. The effi-
cacy of intracellular injection also points to the possible
activity or sensitization of 5-HT receptors within the cy-
toplasm [27–31]. These data indicate that an asymme-
try with respect to 5-HT signaling already exists among
blastomeres by the 4-cell stage.
To test the role of R3 in a molecular gain-of-function
experiment, we overexpressed R3 throughout the
embryo (injecting mRNA [32] immediately after fertiliza-
tion). Embryos in which R3 mRNA was ubiquitously
overexpressed exhibited a 26% (n = 108, p = 2.0 ,
10−24) incidence of laterality defects, 57% of which
were complete situs inversus. We next tested the con-
sequences of spatially restricted R3 overexpression
(see Figure S3). The highest level of heterotaxia was
obtained when the right ventral cell was injected with
R3 mRNA (20%, p = 4 , 10−12), in contrast to low levels
of heterotaxia 5%–6% when the other blastomeres
were targeted. Because the mRNA needs time for
translation and processing, it is likely that the exoge-
nous protein acted in the descendants of the four blas-
tomeres; however, injections after the 16-cell stage re-
sulted in a low level of heterotaxia (7%, n = 83),
suggesting that the effects of R3 overexpression on
asymmetry take place during cleavage stages. Taken
together, the results of gain- and loss-of-function analy-
ses utilizing well-characterized, specific molecular con-
structs confirm the pharmacological implication of R3-
mediated serotonergic involvement in asymmetry.
Serotonin Localization Is Dynamic during Early
Xenopus Embryogenesis
We next used immunohistochemistry to reveal the spa-
tial distribution of serotonin within the embryo. Cru-
cially, we had previously found that a number of com-mercially available serotonin antibodies did not in fact
distinguish among serotonin and closely related mole-
cules such as precursors and metabolites of serotonin.
Thus, we developed an assay system for directly com-
paring antibody reactivity to a number of known mole-
cules embedded in the same section (using exactly the
same immunohistochemistry conditions as used for
embryos below) and identified two antibodies that were
specific for serotonin but did not detect serotonin pre-
cursor or 5-HT metabolites; the method for establishing
specificity is described in detail in [33]. The data below
represent consensus patterns observed from sections
of at least ten embryos at each stage.
We detected serotonin signal in eggs prior to fertiliza-
tion (Figure 3A). Between fertilization and the first two
cleavages, serotonin was radially symmetrically local-
ized within the vegetal portion of the blastomeres (Fig-
ures 3B and 3C). At the 4-cell stage, finger-like projec-
tions can be observed reaching from the pool of 5-HT
in the vegetal half of the embryo into the animal pole
(Figure 3D). During subsequent cleavages, serotonin
was localized in a ring-like pattern in the vegetal blasto-
meres (Figure 3E). As cleavage proceeded, serotonin
signal became weaker and was progressively confined
to a subset of blastomeres (Figures 3F and 3G). Lineage
labeling of the right ventral cell of 4-cell embryos re-
vealed that the serotonin becomes restricted to the de-
scendants of the right ventral blastomeres and are thus
asymmetric along the LR axis (Figure 3H). By stage 6,
serotonin is not detected by immunohistochemistry in
most sections, but in 20% of the embryos, a small
group of 5-HT-positive cells can be observed (Figure
3I). No signal is observed after stage 7 (Figure 3J). We
conclude that, consistent with the results of HPLC
analysis and intracellular injection of loss-of-function
reagents, serotonin is indeed present in early embryos
and is localized dynamically within and among blasto-
meres during cleavage stages. As predicted by the
functional experiments, Xenopus R3, R4, and MAO
Current Biology
798Figure 3. Dynamic, Asymmetric Localization of Serotonin in Early Xenopus Embryos Depends on Functional Gap Junctions and H+/K+-
ATPase Activity
Frog embryos at various stages were fixed and sectioned for immunohistochemistry with an antibody specific for serotonin as previously
described [33]. Red arrows indicate signal; white arrows indicate lack of signal. Panels show sections taken perpendicular to the animal-
vegetal axis, except those marked with “av” (B, D, and J), which were cut parallel to the animal-vegetal axis. In unfertilized eggs, maternal
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799were indeed expressed in embryos long prior to neuro-
genesis, although no consistent left-right asymmetries
were found (Figure S5).
We next tested the epistasis of 5-HT localization with
other known early LR pathway components [3, 5, 34].
In embryos exposed between fertilization and stage 4
to 18-α-glycyrrhetinic acid, a strong blocker of gap
junctions [35] that specifically randomizes LR asymme-
try [3], serotonin did not localize to specific cells and
exhibited a diffuse pattern in several blastomeres (Fig-
ure 3K compare to Figures 3F and 3G; Table S8). In
embryos exposed to SCH28080, a powerful and highly
specific blocker of the H+/K+-ATPase [36], which also
randomizes asymmetry [5], 5-HT likewise did not local-
ize to specific blastomeres but remained symmetrically
distributed (Figure 3L compare to Figures 3F and 3G).
Finally, we asked whether the serotonin localization
was dependent on microtubules [34]. Exposure of em-
bryos to nocodazole at levels permitting cell division
until stage 5 did not affect the ability of serotonin to
localize to specific blastomeres (Figure 3M). We con-
clude that serotonin localization in the plane perpendic-
ular to the animal-vegetal axis during later cleavage
stages is dependent on both gap junctions and the H+/
K+-ATPase but not on microtubule arrays.
Endogenous Serotonin Signaling Is Upstream
of Shh in the Chick Embryo
In light of the controversy over the conservation of early
LR steps [1, 25], we analyzed serotonin in the chick to
shed light on the degree of universality of serotonin as
an LR mechanism. When R3, R4, and MAO blockers, or
excess 5-HT, were applied to unincubated chick em-
bryos in ovo and embryos fixed and analyzed at stage
5 (Table S10 and Figure S6), the normally left-sided ex-
pression of Shh was significantly altered in 38%–45%
of the embryos (n > 50 for all). The most common later-
ality phenotype was bilateral expression (left iso-
merism), although right isomerism occurred as well; no-
tochord-marker analysis indicated no disturbance of
midline patterning (Figure S6). In contrast to Xenopus,
HPLC analysis of chick embryos revealed that bulk se-
rotonin content increases monotonically from about
0.38 pmol/embryo of serotonin in unincubated embryos
to 1.3 pmol/embryo by the end of stage 3. In unincu-
bated eggs, serotonin is localized in a number of
discrete condensations around the periphery of the
area opaca and is present in the cells of the primitive
streak from stages 1–4 (Figure S7). MAO is expressed
in the streak during elongation (Figure S7) and exhibits
a striking asymmetry (right-sided) at stage 4. As pre- sent in embryos long prior to neurogenesis and that
serotonin is localized circumferentially at the vegetal cortex (A). In fertilized eggs before cleavage, the serotonin is spread more than halfway
toward the animal pole (B). The distribution of serotonin is symmetrical in the cytoplasm of blastomeres at the 2-cell stage (C). By the 4-cell
stage, dynamic finger-like projections can be observed reaching from the pool of 5-HT in the vegetal half of the embryo toward the animal
pole (D). During subsequent cleavages, serotonin is localized in a ring-like pattern (E). As cleavage proceeds, serotonin signal becomes
weaker and is progressively confined to a specific subset of blastomeres at the 32- and 64-cell stages (F and G). Analysis of embryos lineage
labeled with rhodamine-dextran (green arrow) in the right-ventral blastomere at the 4-cell stage reveals that the serotonin signal becomes
restricted to the right ventral cells (H; white line indicates midline; LV, left ventral; RV, right ventral). By stage 6, 5-HT is no longer detected by
immunohistochemistry (I and J). In embryos exposed to blockers of gap junctions, serotonin did not localize to specific blastomeres and
exhibited a diffuse pattern in several blastomeres (K). In embryos in which H+/K+-ATPase activity was abrogated, serotonin likewise did not
localize but remained symmetrically distributed (L). Exposure of embryos to nocodazole did not affect the ability of serotonin to localize to
specific blastomeres (M).dicted, endogenous serotonin R3 and R4 were also ex-
pressed in early chick embryos (Figure S8), although
no asymmetries were detected. These functional and
expression data suggest that the 5-HT pathway and
R3/R4/MAO, in particular, are involved in asymmetry
upstream of Shh in the chick embryo.
Discussion
Work in Xenopus has revealed the earliest known
events establishing left-right asymmetry, which begin
to function shortly after fertilization [34]. Consistently
biased differences in H+/K+ ion flux [5] and in 14-3-3
protein localization [15] across the midline at the first
few cell cleavages are crucial for correct asymmetry
during later development. It is not yet known how these
early factors are transduced to the asymmetric gene
cascade, and it is necessary to uncover physiological
mechanisms linking early biophysical events with
downstream transcriptional programs [17]. A pharma-
cological screen testing the hypothesis that serotonin
signaling is involved in LR asymmetry strongly impli-
cated R3, R4, and MAO for further expression and func-
tional analysis (Figures 1A–1F). Embryos treated with
drug and molecular reagents targeting elements of the
5-HT pathway had normal midline development and ex-
hibited no morphological defects other than random-
ization of laterality, ruling out secondary effects on
asymmetry because of disturbance of dorsoanterior or
midline patterning [37]. Although pharmacological ex-
periments alone do not conclusively prove the involve-
ment of a specific target, the large numbers of embryos
tested, the randomization induced by a variety of dif-
ferent R3/R4/MAO blockers (which function by different
mechanisms) but not other 5-HT pathway members,
and the specificity of the well-characterized 5-HT path-
way drugs resulted in a clean dataset specifically fo-
cusing attention on R3, R4, and MAO. Microinjection
of molecular constructs abrogating cytoplasmic 5-HT
signaling (by R3-dependent and -independent mecha-
nisms) and overexpression of R3 confirms 5-HT as a
novel, obligate, early aspect of left-right patterning,
most likely taking place through R3 and R4 receptors.
Characterization of the possible role of serotonin trans-
porters (e.g., SERT and VMAT) in asymmetry will be de-
scribed in future studies.
The data implicating serotonergic signaling in LR
patterning made several predictions borne out by sub-
sequent analysis, including that serotonin (Figure 3)
and 5-HT pathway proteins (Figure S5) would be pre-
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800specific modulation of 5-HT levels and R3 signaling s
nwould disrupt normal left-right patterning (Figures S2–
S4). HPLC and immunohistochemistry analysis demon- a
Sstrated that frog embryos contained 5-HT from the ear-
liest stages of development. Bulk levels of maternal o
l5-HT drop rapidly after fertilization, consistent with the
observed requirement for the function of the degrada- o
stion enzyme MAO. We propose that MAO functions to
restrict the total amount of available serotonin, limiting
lthe amount of 5-HT that must be handled by localiza-
tion mechanisms. (
iSimilarly to other pathways [3–5], serotonergic sig-
naling seems to be involved in asymmetry in both frog i
cand chick embryos, but important differences exist.
Serotonergic signaling normally takes place during t
tcleavage stages in frog and during gastrulation in
chick. Although Xenopus progressively degrades sero- c
etonin during early development, chick embryos increas-
ingly synthesize 5-HT. MAO is a new right-sided marker t
din the chick node; taken together, these data suggest
that MAO may serve to regulate the availability of sero- H
ptonin spatially in the chick but temporally in Xenopus.
The conservation of early LR mechanisms to mam- t
amals is highly controversial, and no early LR mecha-
nisms are yet known to be functionally conserved be- o
Htween mice and other species [25, 38, 39]. In mice, a
role for cilia in the LR pathway has been proposed [25, e
l40], and serotonin receptors are known to occur on cilia
[41, 42]; serotonin is thus a candidate for endogenous h
Asmall molecules proposed to be wafted by ciliary mo-
tion. May 5-HT play a role in the LR pathway in mam- r
imals? Mice mutant for several serotonergic genes have
not been described to exhibit LR defects [43, 44]; nei- e
lther have laterality phenotypes been described in chil-
dren of patients taking serotonergic modulators. One w
ipossibility, given the large number of serotonergic
genes present in mammals and the compensation that w
shas been observed in many knockout animals, is that
the LR-relevant 5-HT pathway genes remain to be dis- v
ocovered in mammals. Indeed, an unexpected second
TPH gene has recently been found [45], suggesting that w
hLR phenotypes may be uncovered through careful
analysis of asymmetry in early embryos (which may not (
msurvive to stages at which serotonergic phenotypes are
usually assayed) resulting from multiple gene knock- r
couts, or knockins of dominant-negative mutants. The
mechanism may also have diverged to involve adrener- b
mgic, instead of serotonergic, signaling mechanisms be-
cause exogenous disruption of adrenergic signaling is m
fknown to randomize the left-right axis in rodents [46].
It is also possible that serotonin does not play a role in m
uLR patterning in rodent embryos, and analysis of the
5-HT pathway in more prototypical mammalian em-
dbryos such as rabbit [47] will be required to understand
fully the conservation of this pathway among higher t
avertebrates.
How does serotonergic signaling interface with the R
Rknown elements of LR patterning? In Xenopus, one
possibility is that serotonin is one of the endogenous e
rsmall-molecule morphogens that was predicted to be
driven through gap-junctional paths across cell fields c
fby H,K-ATPase-dependent voltage gradients [25, 48].
Transduction of 5-HT signals arriving into cells through l
5gap-junctional paths requires cytoplasmic serotonergicignaling mechanisms [9, 49–51] in addition to the ca-
onical membrane receptors. Disruption of laterality by
brogation of intracellular serotonin signaling (Figure
4) is consistent with this and suggests the presence
f intracellular serotonin binding proteins [52] or modu-
ation of R3 in the cytoplasm [27–31]. The localization
f 5-HT in the chick embryo does not support a role for
erotonin as the GJC-permeable molecule [4].
When activated, 5-HT-R3 receptors [53] trigger depo-
arization because of the opening of cation channels
Na+, Ca2+ influx, K+ efflux). We propose that serotonin
s, in frog embryos, an endogenous regulator of ion flux
n the descendants of the right ventral blastomere. The
onsistently greater sensitivity to 5-HT modulation of
he right-ventral blastomere (or its descendants) rela-
ive to the other blastomeres confirms the right-ventral
ells as a crucial locus for LR-relevant physiological
vents [5, 15]. Normal LR asymmetry depends on rela-
ive greater polarization on the right side, but a K+ con-
uctance must work in concert with the electroneutral
+/K+-ATPase in the right cells to allow an exit path for
otassium resulting in a net loss of positive ions from
he right cells [5, 54]. The level of K+ efflux is key, and
balance needs to be maintained between the function
f the potassium conductance and the activity of the
+/K+-ATPase. Too much depolarization would tend to
qualize cells on the left and right side of the midline,
eading to a loss of consistent asymmetry. A strong in-
ibition of K+ flux would impair the ability of the H+/K+-
TPase to produce a net charge difference between the
ight blastomere and the external medium, again result-
ng in a loss of biased charge difference across the
arly midline. Fine spatial control over 5-HT signaling
evels and thus over patterns of LR-relevant ion flux
ould be disturbed by artificially high serotonin levels
nduced by inhibition of MAO. Loss of consistent situs
ould also be expected by ectopic equalization of R3
ignaling throughout cell fields derived from the right-
entral blastomere. These predictions are borne out by
ur loss- and gain-of-function data. Full situs inversus
as often caused by R3 modulation, in contrast to the
eterotaxia induced by almost every other manipulation
an exception is Vg1 misexpression [55]). The ion flux
odel is consistent with this observation because ab-
ogation of the K+ leak in the context of other existing
urrents could cause an inversion of the relative mem-
rane voltage among cell groups; it is a feature of this
odel that it is the relative difference between cell
embrane voltage levels which determines laterality. A
ull understanding of these mechanisms will require
apping the early electrophysiology in great detail to
nderstand the contribution of each transporter.
In the chick embryo, a parsimonious model of the
ependence of correct Shh expression on MAO func-
ion is that differential MAO activity imposes subtle
symmetry in the amount of 5-HT available in the L and
sides of the node. By altering the conductance of the
3 channels expressed in streak and node cells, this is
xpected to alter the delicate ion balance at the ante-
ior streak and affect downstream asymmetries be-
ause both asymmetric membrane voltage [5] and Ca2+
lux [6] are now known to be crucial components regu-
ating asymmetric gene expression. In contrast to R3,
-HT-R4 function activates adenylate cyclase [56], cat-
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801alyzing the formation of cAMP. Protein Kinase A is a
principal target of cAMP and is also known to be in-
volved in the LR pathway in the chick embryo [57, 58].
Thus, a possible role for R4 in both species is through
upregulation of PKA, which would then be able to con-
trol transcription of downstream asymmetric genes
through canonical mechanisms [59].
One important aspect of these experiments is that,
when performed globally, excess 5-HT or block of 5-HT
receptors both cause a laterality phenotype, suggest-
ing that spatially patterned serotonergic signaling or
precise levels of 5-HT, or (most likely) both, is required
for normal asymmetry. This feature has been observed
in many other LR pathways [3, 5, 15, 60]. For example,
when the LR signals at the chick node are symmetrized
by bilateral Shh or bilateral lack of Shh expression, ran-
domization of heart situs results; similar effects were
observed in global up- or downregulation of patterned
GJC. Precise dosage dependence is particularly plausi-
ble in the case of serotonin because a number of
psychotropic effects of 5-HT are exhibited at specific
concentration windows.
Serotonin is the first endogenous neurotransmitter
described in the LR pathway; however, it is likely that
in many species, downstream canonical signaling
steps are dependent on earlier physiological factors
that must be integrated at organizing centers, utilizing
mechanisms that amplify or dampen signaling through
small molecules. Crucially, recent work has begun to
unravel some of the mechanisms by which epigenetic
factors at the node are transduced into stable fields of
gene expression [6]. The regulation of ion flux by sero-
tonin and the unidirectional movement of 5-HT because
of an electrophoretic force may thus be a positive-feed-
back loop that could magnify small asymmetries on the
cellular level into asymmetry on the scale of cells fields.
Future technological developments permitting the track-
ing of serotonin in vivo without altering its low molecu-
lar weight will be crucial in testing such models. A full
molecular characterization of serotonin’s function in LR
asymmetry will enrich our understanding of the devel-
opmental biology of early morphogenesis, the role of
small nonprotein molecules in patterning, the evolution
of synaptic signaling mechanisms, and the biology of
serotonin function.
Conclusions
Loss- and gain-of-function experiments indicate that
serotonin signaling, mediated by 5-HT-R3 and 5-HT-R4,
is a novel element of the LR pathway in two vertebrate
embryos with different gastrulation architectures. Con-
served features include the presence of serotonin and
other implicated members of the 5-HT pathway in frog
and chick embryos long prior to neurogenesis and their
function upstream of asymmetric gene expression.
Unique aspects include the asymmetry of Xenopus
blastomeres at the 4-cell stage with respect to the sero-
tonin pathway, the dynamic localization of 5-HT in frog
embryos, the implication of intracellular 5-HT signaling
in Xenopus, and the right-sided expression of MAO in
chick. These data identify 5-HT as a novel and highly
dynamic small-molecule signal regulating left-right
patterning. Further insight into serotonin’s function inembryonic patterning will advance the developmental
biology of nonprotein physiological factors in morpho-
genesis, the evolution of synaptic signaling mecha-
nisms, and the biology of serotonin function.
Experimental Procedures
Xenopus Drug Exposure
Batches of eggs from a single female were divided into experimen-
tal and control groups and put into either 0.1× MMR (controls) or
0.1× MMR containing drugs at between 10 M and 1 M final con-
centration. Embryos were washed three times in 0.1× MMR at
stage 16 [61]. All compounds were obtained from Sigma-RBI and
Tocris.
Scoring Xenopus Embryonic Situs
The phenotype of embryos was determined by scoring the situs of
the heart, stomach, and gall bladder at stage 45. All scored em-
bryos had DAI = 5 and clear left-sided or right-sided organs of
normal morphology. An affected embryo was considered to be one
in which any of those three organs was reversed in its position. The
incidences of organ situs were analyzed by the chi-square test with
Pearson correction for sample size. Statistically, if all three organs
were independently and fully randomized, 12.5% of the embryos
would be scored as wt (because the organs would lie in their nor-
mal positions by chance); the same is true for full situs inversus.
Immunohistochemistry
Xenopus embryos were fixed overnight in MEMFA and sectioned
as in [33]. Sections and whole-mount embryos were washed three
times in PBTr, blocked with 10% goat serum, incubated with pri-
mary antibody at 1:500 to 1:1000 in PBTr overnight, washed six
times with PBTr, and incubated with an alkaline-phosphatase anti-
rabbit secondary antibody overnight. After embryos were washed
six times in PBTr, detection was carried out with NBT and BCIP
(X-Phos). 5-HT-specific antibodies were obtained from Chemicon.
Quantification of 5-HT in Embryos
Xenopus embryos of the appropriate stage were counted (to nor-
malize analysis to embryo number), flash frozen in liquid nitrogen,
and stored at –80°C. They were then analyzed by HPLC as in [62].
For chick embryos, each data point was derived from a sample of
five embryos. For Xenopus embryos, each sample analyzed con-
tained between 90 and 150 embryos. Mass spectrometric identifi-
cation of serotonin was performed with LCMSMS on a Waters
Quattro Premier.
Xenopus Blastomere Injection
Synthetic mRNA was transcribed in vitro from plasmids containing
the individual cDNAs. About 100 pg of each construct mRNA was
mixed with 50 ng of RLD and injected into the blastomere indi-
cated.
Supplemental Data
Supplemental Data include Supplemental Experimental Pro-
cedures, ten tables, and eight figures and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
15/9/794/DC1/.
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